Introduction
Application of 5-aminolevulinic acid (5-ALA or ALA) for detection of highly malignant brain tumors has gained increasing popularity among the neurosurgeons in the recent years following extensive studies by Stummer et al on the effectiveness of the method to increase gross total resection of the glioblastomas, an infiltrative and highly malignant brain tumor [1, 2] . Accordingly, the gross total resection of glioblastoma was reported to have increased from 44% to 78% using fluorescence guidance leading to five months longer survival [2] . The principles of fluorescence guidance is based on optical excitation and detection of Protoporphyrin IX (PpIX), a product of ALA which accumulates in the tumor cells due to the broken blood brain barrier and the altered enzyme levels. PpIX re-emits a distinguished fluorescence peak at λ = 635 nm in the visible optical region when excited with light of appropriate wavelength (λ).
The commonly applied excitation wavelength for diagnostic purposes is blue light (λ = 405 nm) which in addition to PpIX excites the native tissue fluorophores. The exhibited fluorescence has a shoulder peak at about λ = 500-530 nm and is referred to as autofluorescence. Detection of PpIX during operation is conventionally performed using surgical microscopes with added fluorescence detection modalities [3, 4] . The fluorescence microscopes are designed to pass the fluorescence in the visible optical region above the excitation spectrum to the operator [5] thus the fluorescence observed by the operator is expected to be directly correlated to the PpIX fluorescence.
Together with the surgical microscope oral administration of an ALA dose of 20 mg/kg b.w.;
i.e, 1.5 g of 5-aminolevulinic acid HCL dissolved in 50 ml water is recommended [6, 7] . From the investigated doses of 0.2, 2 and 20 mg/kg, the latter dose was chosen according to the detection threshold of the microscope as the 0.2 and 2 mg/kg b.w. doses did not show a distinguished visible fluorescence [6] . The tumor resection using the microscope is based on removing the sites with strong fluorescence and leaving the weak fluorescence sites both of which are based on the visual observation of the surgeon. Fiber-optic probe based spectroscopy is an alternative to the surgical microscope for detecting fluorescence objectively [8] [9] [10] [11] [12] . The probe is beneficial when the microscope fails to show any fluorescence specifically at the end of tumor removal for examining the resection cavity. The probe is moreover able to examine the tumor extents in depth or be used for stereotactic biopsy together with a stereotactic frame.
The combination of the two microscopy and spectroscopy techniques however appears more beneficial for guidance during open brain tumor surgery. As the detection sensitivity of the probe is higher than the microscope [11, 13] application of ALA at a lower dose [14] may be   possible when spectroscopic detection techniques are used during open biopsy, stereotactic biopsy or even open brain surgery. In a previous study initial results for tissue discrimination using low ALA dose has been published [15] . The aim of the present study was to investigate the clinical relevant implications of applying a four times lower ALA dose (5 mg/kg) than the recommended for the microscope and to compare the fluorescence signal intensities and the diagnostic performance for each dose. The studies were performed using a fluorescence spectroscopy system and a handheld fiber optic probe described previously [9] . 
Materials and methods

Patients and surgical procedure
Spectroscopy system and measurements
Measurements were performed using a fluorescence spectroscopy system connected to a fiber optic probe disinfected and sterilized prior to the operation. The system was designed and adapted for neurosurgical applications as we have described in a previous publication [9] . omitted from the quantitative analysis of data but were included in Table 1 for the binominal comparison.
As the skin photosensitivity is the major adverse effect reported [16] [17] [18] , fluorescence intensities in the skin of the patients were compared between the two ALA dose groups. To examine the skin photosensitivity, fluorescence of the skin was measured using the same fluorescence spectroscopy system and the same settings (10 mW, 0.4 s) with an identical fiberoptic probe which was previously cleaned and disinfected. Measurements on the skin were performed during operation after measurements on the brain tumor were completed (3-10 hrs after ALA administration). Four patients from the lower ALA dose group and 14 patients from the higher dose group were included. Measurements were performed on several sites of the forearm or hand that could be reached under the draping. For one case the measurements were performed on the foot instep as the hand/arm could not be accessible during the operation.
Fluorescence quantification
Fluorescence signals ( Figure 1 ) were quantified in two ways: The PpIX fluorescence and the fluorescence ratio. The PpIX fluorescence is the fluorescence at 635 nm minus the autofluorescence at 635 nm. The fluorescence ratio refers to the fluorescence at 635 nm minus the interpolated autofluorescence at 635 nm divided by the interpolated autofluorescence at 510 nm [9, 19] . Individual measurements highly affected by blood were excluded. Effect of blood was distinguished from the attenuation and blood absorption signature observed in the autofluorescence.
Tissue classification
Tissue type classification was based on the histopathological examination (ntotal = 106) and/or visual diagnosis of the surgeon (ntotal = 339) during operation whichever that is mentioned in the respective results section. When classified by visual diagnosis of the surgeon, tumor margins corresponded to the sites located at the tumor border with intraoperatively unknown malignancy status. The category classified as tumor corresponded to the sites certainly diagnosed as tumor by the surgeons' visual inspection. To evaluate the diagnostic performance, histopathologically diagnosed tissues were divided into four groups (Table 1a) 
Statistical analysis
MATLAB ® (The MathWorks, Inc., Natick, MA, USA) was used for the data analysis and statistical tests. Polynomial regression was used to investigate correlation and goodness of fit (R 2 ) between two data sets as it resulted in the highest R 2 values compared to other types of regression analysis. Non-parametric statistical tests (Mann-Whitney) were used for investigating the statistical significant difference when data was not normally distributed and parametric t-test was used when the data was normally distributed. Correspondingly, median and mean ± standard deviation was used for the non-normal and normally distributed datasets.
Boxplots were used for non-normally distributed data. As defined by MATLAB ® , they demonstrate the Q1 (25%) to Q3 (75%) percentiles with a box and the median values with a line in the box for each data set. Whiskers are drawn up/down to the closest outliers. Outliers are defined to be larger than Q3+w (Q3-Q1) and smaller than Q1-w (Q3-Q1). By default, w is 1.5 which corresponds to 99.3% of the confidence interval.
Results
Fluorescence intensities and diagnostic performance
An example of the fluorescence signals intra-operatively collected from the brain tumor is shown in Figure 1 . The biopsy sample was histopathologically diagnosed as glioblastoma (grade IV). To compare the signal intensities of the low dose and high dose group, the data from tumor and tumor border based on visual diagnosis are illustrated in The diagnostic performance values for the low ALA dose and high ALA dose are shown in Table 1 and Table 2 . A paired two-tailed t-test showed no significant difference between the diagnostic performance of the low and high ALA doses (p > 0.05).
Skin photosensitivity
No PpIX was detected in the skin of four patients in the lower dose group. In the higher dose group, PpIX could be detected in the skin of 13 patients but not in the case that the measurements were exceptionally performed on the foot instep. by the positive predictive value as described by Stummer [21] . However, the positive and negative predictive values for the low ALA dose group could be misinterpreted due to the low number of samples from the inflammatory reactive gliotic tissue with tumor infiltration available for the low dose group (Table 1a) . It could be questioned if the availability of ALA induced PpIX at the 5 mg/kg ALA dose in the reactive gliotic tissue without tumor cell infiltration influenced the biopsy sampling rate.
ALA was reported to be at its maximum in the plasma four hours after administration of 20 mg/kg dose, and declined in the following 20 hrs [18] . The fluorescence peak time and intensity was reported to vary for different body parts which might explain why no fluorescence could be detected in the skin of the foot instep of one patient in the higher dose group [22] . No data is available for the peak time in human brain tumor due to the restrictions of the surgical circumstances. However, both with the 5 and 20 mg/kg doses signals were well detected up to 9 hrs after oral administration of ALA. Even though some correlation with time was seen for the 5 mg/kg group, it could not be concluded that the fluorescence intensity increased with time as the inter-patient differences are expected to have affected the results significantly. The varied concentration for the high dose group did not show any correlation with the signal intensities.
Conclusions
The diagnostic performance measures when low and high dose ALA was used showed Tables: Table 1 Figures: Figure 1 Fluorescence of a histopathologically confirmed GBM tissue from a patient who received a 20 mg/kg ALA dose. 
